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Introduction

1
Because of the presence of specialized simple tubular invaginations in the oviduct, once 2 ejaculated sperm have entered the female reproductive tract they can survive up to 2-15 weeks 3 in domestic birds, including chickens, turkeys, quail as well as ducks, for varying periods 4 depending on the species (1, 2) in contrast to relatively short life span in mammalian 5 spermatozoa. These specialized structures are generally referred to as sperm storage tubules 6 (SST). SST are located in the utero-vaginal junction (UVJ) and in the infundibulum, though the 7 primary storage site for sperm is the SST in the UVJ (3, 4). The spermatozoa are transported to 8 the infundibulum, which is the site of fertilization and also serves as a secondary sperm storage 9 site (5, 6). Bakst et al. (7) reported that the biological basis of sustained fertility in chicken and 10 turkey hens is their capacity for sperm to reside in the SST of the UVJ, and the differences in tissue localization of the three subtypes was reported (14, 15), the functions of each receptor 10 were likely to be assigned. Indeed, the α subtype is mainly localized in the reproductive tissues 11 and the β form expressed in neural tissues, whereas mPRγ is abundant in the kidney and colon 12 in humans (15). Although knowledge about the mPR in a limited species, including fish and 13 humans, has been accumulated in recent decades, the data of the mPRs in other species, 14 particularly in avian species, is completely lacking.
15
In this report, we present the first evidence demonstrating that progesterone is a sperm 16 releasing factor from the SST in birds. Moreover, we also provide the evidence that mPRα 17 expressed in the SST might play an important role in the sperm release process.
19
Materials and Methods
20
Animals and tissue preparation
21
Male and Female Japanese quail, Coturnix japonica, 15-30 weeks of age (Kato-farm,
22
Toyohashi, Japan), were maintained individually under a photoperiod of 14L: 10D (with the 23 light on at 0500) and were provided with water and a commercial diet (Tokai-Hokuriku Nosan,
24
Chita, Japan) ad libitum. Hens were inseminated via natural mating at 12 h after oviposition,
25
and then used for the experiments. The birds were intravenously injected with 0.8 μg/ml of 26 estradiol 17β, testosterone, or corticosterone, or with 0.08, 0.8 or 8 μg/ml of progesterone after 1 27 h of the mating. The stock solution of the steroids was dissolved in propylene glycol, and the 28 4 injection solution was prepared by diluting the stock solution with physiological saline. The 1 circulating levels of progesterone after administration was estimated as 1, 10, or 100 ng/ml for 2 0.08, 0.8 or 8 µg/ml group, respectively, based on the facts that the blood volume of adult hens, 3 and the average body weight of adult female quail is approximately 7.6% (18), and 150 g, 4 respectively. For the evaluation of dose-response of progesterone treatment, we injected 0.56, 5 or 0.64 µg/ml progesterone to the birds. The volume of injection was kept at 0.1 ml per 100 g 6 of body weight. One hour after the administration, birds were decapitated, and the UVJ mucosa 7 was isolated as described in the following section. For the injection of RU486, a synthetic anti-8 progestin, which is also referred to as mifepristone, 2 or 10 mg/ml of RU486 solution dissolved 9 in DMSO was injected intraperitonealy to the bird 1 h after mating. Twelve hours after the 10 injection, the UVJ mucosa was isolated for the SST observation.
11
All experimental procedures for the use and the care of animals in the present study were 12 approved by the Animal Care Committee of Shizuoka University (approval number, 22-12).
13
Observation of SST
14
The animals were decapitated, and the UVJ were immediately dissected and placed in 15 physiological saline. The adhering connective tissues were removed, and each UVJ was 16 excised longitudinally. The mucosa was scraped with a scalpel, and the isolated mucosa 
10
RT-PCR analysis
11
Total RNA was extracted from the brain, heart, lung, liver, kidney, spleen, ovary and UVJ of 12 laying birds, and the cDNA was synthesized as described above. PCR amplification was 13 performed as described in Supplemental Materials and Methods.
14
In situ hybridization
15
The birds were decapitated, the UVJ was removed and frozen sections were prepared. In situ 
20
Gel electrophoresis and Western blot analysis
21
The UVJ was homogenized in ice-cold PBS supplemented with 40 μg/ml bestatin, 0.5 μg/ml 22 leupeptin and 10 μ g/ml soybean trypsin inhibitor. Debris was removed by centrifugation at 10, 23 000 x g for 5 min, and the supernatants were ultracentrifuged at 100, 000 x g for 30 min at 4°C.
24
The precipitates were suspended in PBS containing 0.5% Nonidet p-40 and 250 μM digitonin 25 supplemented with protease inhibitors as described above. The suspension was sonicated on ice 
27
Electron microscopy 28 7 For transmission electron microscopy, the UVJ mucosa were doubly fixed with 2.5% 1 glutaraldehyde in 0.1 M cacodylate buffer (pH 7.4) and with 1% osmium tetroxide, dehydrated 2 in acetone, embedded in epoxy resin and sectioned as described previously (28). The sections 3 were stained with uranyl acetate and lead citrate. For scanning electron microscopy, the 4 dehydrated specimens were dried in a critical point apparatus (HCP-2; Hitachi, Tokyo, Japan), 5 coated with a layer of osmium and observed as described previously (28).
6
Statistical Analysis
7
All experiments were repeated two to seven times. Data were analyzed for significant 8 differences using ANOVA, and means were compared using Duncan's Multiple Range test. A 9 P value of less than 0.05 denoted the presence of a statistically significant difference.
11
Results
12
Sperm release regulation during the ovulatory cycle
13
To examine whether the sperm release from the SST is regulated during the ovulatory cycle, 14 the female birds were mated 12 hr after oviposition, and we observed the SST in the UVJ 2 or 15 13 hr after the mating (corresponding to the time 14 or 25 hr after oviposition, respectively).
16
The percentage of the SST containing sperm at 14 hr after oviposition was 55.5 ± 10.4% (n=7, 17 mean ± SD) and was significantly decreased at 25 hr (41.3 ± 8.2%; n=8, mean ± SD). As 18 shown by electron microscopy, the bundle of the sperm extruding into the lumen of the UVJ 19 from the SST appeared 20 hr after the oviposition (Fig. 1B) , while no such sperm was observed 20 at 8, 14 or 25 hr (data not shown). At 23 hr, a free sperm was seen on the surface of the UVJ 21 epithelial cells (Fig. 1C) . The free sperm became visible on the surface of the uterus at 24 hr, 22 upstream of the UVJ (Fig. 1D) . These results indicated that the sperm release from the SST 23 occurred around 20 hr after oviposition, and the free sperm moved upstream of the oviduct after 24 the release.
25
To test whether the hormonal stimulation relates to the sperm release from the SST, we 26 injected the birds with various steroid hormones and calculated the SST filling rate (Fig. 2) .
27
The percentage of the SST with sperm was only significantly decreased when the animals were 28 8 treated with more than 0.8 μg/ml progesterone compared to that of the control (vehicle alone).
1
Interestingly, the morphology of the progesterone-treated SST had been changed, that is the 2 treated SST were shorter and wider than the control (Fig. 2B and 2C ). The average of the width 3 of progesterone-treated SST was approximately 1.4-fold times that of the control (24.6 ± 3.4μm 4 vs. 30.5 ± 3.2μm for vehicle control and progesterone treatment, respectively, mean ± SD, 5 n=100). On the other hand, the average length of progesterone-treated SST was only 72.2% of 6 the control (340.9 ± 130.5μm vs. 246.2 ± 109.7μm for vehicle control and progesterone 7 treatment, respectively, mean ± SD, n=100). To obtain EC 50 of progesterone for the sperm 8 release, we injected 0, 0.56 or 0.64 μg/ml of progesterone to the birds, and the filling rate was 9 calculated. It showed 56.0 ± 13.4 % (n=3, mean ± SD), 51.3 ± 4.2 % (n=3, mean ± SD), or 32.2 10 ± 4.4% (n=4, mean ± SD) for 0, 0.56 or 0.64 μg/ml group, respectively, and the calculated EC 50 11 of progesterone was 0.63μg/ml. Unexpectedly, when the birds after mating were injected with 12 synthetic antiprogestin, RU486, which has a relatively high binding affinity for mammalian nPR 13 (29), the sperm release was not blocked 13 hr after mating (Fig. 2B) . Scanning electron 14 microscopical observation revealed that the entrance of the SST became hollow due to the 15 progesterone-treatment (Fig. 2E) , whereas no such change was seen when the animals were 16 injected with vehicle alone (Fig. 2D) . Occasionally, the bundle of the sperm tail extruded from 17 the SST was observed in the case of the progesterone treatment ( 
21
To determine whether the morphology of the SST epithelial cells changes during the ovulatory 22 cycle, we observed the ultra-thin sections of the SST by electron microscopy (Fig. 3) . At 8 hr 
10
To investigate which type of progesterone receptor transcripts are expressed in the UVJ, we 11 analyzed the mRNA isolated from various tissues of laying quail using a gene-specific RT-PCR 12 analysis (Fig. 4A) . We detected a single band in the UVJ sample when the cDNA was oviposition, the intensity of the band dramatically increased when the RNA derived 14 hr after 18 oviposition was detected, and it was maintained until 25 hr after oviposition (Fig. 4B) . The 19 expression level of nPR was always constant at any time point tested (Fig. 4C) .
20
To further localize the expression of mPRα and nPR transcripts in the UVJ, we performed 21 gene-specific in situ hybridization and observed the hybridized specimens under light 22 microscopy ( Fig. 4D and 4E ). As shown in the Figure 4D , intense signals were observed in the 23 epithelial cells of the SST when the specimen was detected with an mPRα probe (arrows in the 24 figure), suggesting that the mPRα mRNA is transcribed in the SST. The specimens that had 25 been hybridized with the sense probe did not contain these radiolabeled signals (data not shown).
26
In the case of the nPR transcripts, these were localized evenly in the entire UVJ and the silver 27 grains deposited in the edge of the SST ducts (Fig. 4E) (Fig. 5A, lane 4) , which suggests that our anti-11 goldfish mPRα antiserum is specific to 45-kDa quail mPRα proteins. Furthermore, we 12 compared the expression levels of mPRα protein during ovulatory cycle. A band of mPRα was 13 detected in the sample before oviposition (14hr), whereas it was barely detected in the lysate 14 prepared after egg-laying (25 hr), indicating that the mPRα protein might be down-regulated 15 after oviposition. When the cytosol of the UVJ was detected, no such band was seen (Fig. 5A,   16 lane 3). On the other hand, anti-nPR monoclonal antibody failed to detect an immunoreactive 17 band in the membrane lysate (Fig. 5B, lane 3) . Instead, it reacted well with 95-kDa bands in the 18 cytosol (Fig. 5B, lane 2) , and that the size of this band corresponds to the reported size of quail 19 nPR. Although its nature is unknown, we also detected the immunoreactive ~210-kDa band in 20 the cytosol (Fig. 5B, lane 2) . This antibody is also specific to nPR protein, because no such 21 band was seen when the same sample was reacted with control mouse IgG (Fig. 5B, lane 1) .
22
These results suggest that the immunoreactive materials that reacted with anti-goldfish mPRα 23 antiserum exist in the membrane extract but not in the cytosol of the UVJ, whereas the protein 24 that specifically reacted with anti-nPR monoclonal antibody was present in the cytosol and was 25 barely detected in the membrane fractions of the UVJ.
26
The steroid-binding properties of the UVJ progesterone receptor localized on the membrane 27 fraction were characterized by radio receptor assay and competitive binding assay (Fig. 5C) 
18
In our tests, we observed that the release of the sperm from the SST in quail occurred only 19 within the period 20 hr after oviposition (Fig. 1B) . In accordance with our scanning electron 20 microscopical observation, the sperm filing rate of the SST significantly decreased during the 21 time between 14 and 25 hr after egg-laying (Fig. 1A) . Based on these results, we think that the 22 sperm release from the SST is the event that is controlled during the ovulatory cycle. In 23 excellent agreement with this hypothesis, we observed that the intravenous injection of 24 progesterone into the birds successively stimulated the sperm release from the SST (Fig. 2A) . SST of the hen without egg production might be due to the lack of a functional level of 10 circulating progesterone in relation to the ovulatory cycle.
11
In the present study, we observed that the formation of the secretory granules in the SST 12 epithelial cells fluctuated during the ovulatory cycle, and the progesterone treatment mimicking 13 the phenomenon take place during the ovulatory cycle (Fig. 3) . In the SST cells, there are well- (Fig. 6) . Moreover, the 22 progesterone treatment stimulated the release of cuticle materials from the cells (Fig. 7) . (Fig. 8) .
4
Although identification of the receptor responsible for the cuticle release remains to be studied, 5 cuticle release might be also promoted by nongenomic action via a membrane type receptor, 6
since the secretion of this materials occurred within 1 hr after progesterone injection.
7
In conclusion, we demonstrated for the first time that progesterone stimulates the release of the 
